Introduction
Soil moisture modulates agriculture, hydrology and meteorology through its controls on surface fluxes of water and heat and through large-scale circulation. Therefore, soil moisture information is crucial in the simulation of floods and droughts, atmospheric circulation and global climate change (Berg et al. 2017) . Information on root zone soil moisture, especially in the growing season, is significant from a global food security point of view (Kang et al. 2009 ). The growing season root zone soil moisture as a plant stress indicator plays a significant role in determining field-scale irrigation schedules, especially in the arid and semi-arid regions (Hill 2002) .
Site measurements can provide relatively accurate estimates of soil moisture, but such techniques are limited due to the need for a variety of surface accessory measurements, which are difficult to obtain to cover a large area sufficiently. This difficulty usually leads to spatial and temporal extrapolation and interpolation of data with limited accuracy. Though remote sensing technology for soil moisture estimation is limited to surface soil moisture, the top few centimetres in a soil profile, it has several marked advantages over conventional "point" measurements: it can provide large and continuous spatial coverage within a short time and it is economical when the same spatial information is required. Research and development of an effective method for obtaining deeper soil profile, effective root zone, moisture content information from satellite imagery data is significant that aids in measuring water related stress in plants and environment. Realistic effective root zone soil moisture initial value is a primary driver for a physics-based hydrological model's effective simulation of surface water and groundwater interaction, through infiltration or exfiltration, and land atmospheric interaction, through evapotranspiration.
Soil moisture limits potential evapotranspiration to actual evapotranspiration (Anderson et al. 2007 , Hain et al. 2009 ). Hence, soil moisture is directly linked to evaporative fraction (Ahmad and Bastiaanssen 2003, Fleming et al. 2005) . The evaporative fraction represents the partitioning of radiant energy (Brutsaert and Sugita 1992, Crago 1996) in estimating energy available for evapotranspiration (latent heat flux) calculation. Although the energy balance residual method is a robust approach in calculating the evaporative fraction, the approach has its limitations (Gowda et al. 2007 ); these set back its employment, especially in ungauged basins around the globe. One such limitation is the reliance on groundbased auxiliary measurements. There are several regressionbased, simpler, remotely sensed multi-index soil moisture estimation methods (Carlson 2007 , Zhang et al. 2008 , Hosseini and Saradjian 2011 , Sandholt et al. 2002 , which do not take account of the energy balance residual. Although these methods are simple, they do not explicitly take account of soil, porous medium, physical properties such as field capacity and wilting point in the soil moisture estimation formulation. Each challenge encountered both in a complex and in a simplified soil moisture retrieval method behoves the scientific community to take an integrated approach in an effort to improve/optimize the accuracy, resolution and timeliness as well as ease-of-use of remotely sensed data for the information yield needed by professionals (Srivastava et al. 2014 ).
Reynolds Creek Experimental Watershed
The Reynolds Creek Experimental Watershed (RCEW), with a catchment area of 239 km 2 (Fig. 2) , is located in southwest Idaho and the inter-mountain region of the northwestern USA (Slaughter et al. 2001) . The elevation ranges from 750 to 2100 m a.s.l. Although snow is dominant at the highest elevations, rain is generally dominant in the watershed. Precipitation in the RCEW varies from 250 mm/year at lower elevations to more than 1100 mm/year at higher elevations. Land cover in the watershed is dominated by different subspecies of sagebrush, with heights in the range 0.30-0.60 m (Seyfried et al. 2000) .
USCRN soil moisture measurement sites in Montana and Wyoming
The US Climate Reference Network (USCRN) soil moisture measurement sites (Bell et al. 2013) in Sundance, Wyoming (44.52°N, 104.44°W) , and Lewistown, Montana (46.88°N, 110.29°W) , are also taken as study sites. The USCRN soil moisture measurement sites are included in the International Soil Moisture Network (Dorigo et al. 2013) . Figure 3 shows the locations of the USCRN soil moisture sites used in this study.
Data
The US Geological Survey (USGS 2017) Earth Resources Observation and Science (EROS) Center Science Processing Architecture (ESPA) 1 on-demand interface provides 30-m Landsat Surface Reflectance, with atmospheric corrections applied, Level-2 science products that include the spectral indices products for Landsat 4-5 Thematic Mapper (TM), 
Montana
Wyoming Sundance (44.52 Landsat 7 Enhanced Thematic Mapper Plus (ETM+), and Landsat 8 Operational Land Imager (OLI)/Thermal Infrared Sensor (TIRS). The Normalized Difference Vegetation Index (NDVI), one of the on-demand spectral indices products, was used in all of the vegetation index analyses carried out in this study. The USGS Global Visualization Viewer 2 was used to identify the clear-day images in the growing season. The wilting point (θ wp ), field capacity (θ fc ) and volumetric water content in the study area were derived from the Natural Resource Conservation Service (NRCS) SURRGO database 3 using established pedotransfer functions that yield θ wp and θ fc as functions of soil texture (Rawls et al. 1982 (Rawls et al. , 1983 . The land-cover maps for the study area were derived from the National Land Cover Database (NLCD). 4 The observed soil moisture data for the June-September growing seasons of 2006-2009, for the moisture measuring stations in the RCEW (Fig. 2) , were obtained from the public database at Northwest Watershed Research Center, Reynolds Creek Experimental Watershed, Public-use Datafiles and Documentation (Seyfried et al. 2000) .
The USCRN growing season (June-September) observed soil moisture data from 2012-2015 and 2014-2015 were used in this study for the soil moisture measurement sites at Sundance, Wyoming, and Lewistown, Montana, respectively. The observed soil moisture data for the moisture measuring USCRN stations were obtained from the USCRN Public-use Data files and Documentation 5 (Bell et al. 2013 ).
Methodology

Evapotranspiration fraction and soil water content relationship derivation
Actual evapotranspiration (AET) can be defined as a largely empirical function of plant-specific potential evapotranspiration (PET) and soil moisture content (SM), or a soil moisture matric potential and threshold value above which actual and potential evapotranspiration are equal. Calculation of the AET is obtained by a reduction relationship, using functions that describe the influence of the available moisture (Bagrov 1953 , Budyko and Zubenok 1961 , Baier and Robertson 1966 , Norero 1969 , Minhas et al. 1974 , Renger et al. 1974 , Eagleson 1978 , Glugla 1980 , as: Budyko and Zubenok (1961) define the soil moisture function in Equation (1) as:
where SM is the actual available soil moisture and PAM is plant-available soil moisture at field capacity. In Equation (2), SM/PAM can be taken as the soil wetness index, defined as:
where θ is the actual soil moisture content; and θ fc and θ wp are the field capacity moisture content and wilting point moisture content, respectively, for the soil type at the location. From Equations (2) and (3), it follows that:
where AET/PET is the crop coefficient, K c (Dyck 1983 ). Trezza (2002) , Tasumi (2003) and Allen et al. (2007c) showed that the reference evapotranspiration fraction (ET rf ) is similar to K c (Allen et al. 1998) :
where ET r is the reference evapotranspiration, calculated using the FAO Penman-Monteith method and data originating from a weather station. The parameter ET rf accounts for water stress and other evapotranspiration (ET)-reducing environmental stresses (Allen et al. 2005) . Considering ET rf to be equal to K c (Trezza 2002 , Allen et al. 2007c ) and related to the soil moisture function defined in Equation (4), one obtains:
From Equation (6), spatially distributed soil moisture content, θ i , at any spatial location, i, is derived as:
This study used the theoretical basis, mentioned above in this section, to derive a relationship between soil moisture, ET fraction and soil properties, as defined by Equation (7), for the development of a spatially-distributed soil moisture estimation tool. Although the energy balance residual method estimates AET with underlying complexity in the solution of sensible heat flux (Tasumi 2003) , the calculation of ET rf and AET still need ground-based auxiliary measurements of meteorological data (Allen et al. 2007c) . As ground-based meteorological stations are sparse, Equation (7) is not yet readily applicable. Therefore, this research looked into the possible inversion of ET rf through the globally available 30-m resolution NDVI of Landsat Surface Reflectance Level-2 Science Products. 6
Evapotranspiration fraction inversion through NDVI
Similarities between the crop coefficient curve and a satellitederived vegetation index show potential for modelling a crop coefficient as a function of the vegetation index (Kamble et al. 2013, Mutiibwa and Irmak 2013) . The possibility of directly estimating the crop coefficient from the vegetation index based on spectral-band intensities was further investigated in this study.
The differential reflection of green vegetation in the visible and near-infrared portions of the spectrum provides a method to remotely monitor vegetation, defined as (Nicholson and Farrar 1994) :
where Ch_1 and Ch_2 are the reflectance in the visible (red) spectral band (0.55-0.68 µm) and near-infrared (NIR) spectral band (0.73-1.1 µm), respectively. The NDVI value depends on electromagnetic energy absorption in the red spectral band, signifying the density of leaf chlorophyll, and the reflectance of NIR electromagnetic energy, signifying the density of green leaves (Tucker and Sellers 1986) . As NDVI is a measure of absorption of photosynthetically active electromagnetic radiation, it is a physiological representation of the photosynthetic capacity of the canopy (Sellers 1985) . The spatial distribution of ET rf , and data used in the development of the relationship with NDVI were obtained from the surface energy balance residual algorithm in the Mapping EvapoTranspiration at high Resolution with Internalized Calibration model (METRIC; Allen et al. 2007a Allen et al. , 2007b Allen et al. , 2007c applied in the study area (Pradhan et al. 2012) .
Surface energy balance ET rf
Actual evapotranspiration (AET) depends on the root zone soil moisture: when it is decreased, AET is reduced due to hydraulic resistance of the soil, and when it is wet, sensible heat flux is almost zero, resulting in more radiation energy available for latent heat flux and thereby increased AET. Hence, AET represents the available root zone soil moisture. As the Surface Energy Balance Algorithm for Land (SEBAL; Bastiaanssen et al. 1998) and METRIC (Allen et al. 2007c ) models explicitly take account of these physical processes in the calculation of AET, based on the partitioning of radiant energy via evaporative fraction, these models have been deployed successfully in the past for the extraction of root zone soil moisture (Ahmad and Bastiaanssen 2003 , Pradhan et al. 2012 , Hong et al. 2016 ). This is one of the reasons for employing the ET rf calculated by the METRIC model (Allen et al. 2007c) for the development of the relationship of the evapotranspiration fraction with NDVI, for use in the root zone soil moisture estimation formulation defined by Equation (7). Moreover, the METRIC model algorithm developed in the applications manual by Allen et al. (2007c) was from the Idaho implementation, which is in the Northwest Mountain region, the region of this study.
In the surface energy balance residual algorithm of the METRIC model, an instantaneous value of AET is defined as the ratio of latent heat flux, LE (W m −2 ), to the latent heat of vaporization (λ):
where 3600 is the time conversion from seconds to hours, and ρ w is the water density (~1.0 Mg m −3 ). The LE is defined as the residual of the surface energy balance:
where R n is net radiation, G is the soil heat flux and H is the sensible heat flux (all in W m −2 ), calculated following the METRIC model algorithm (Allen et al. 2007c ). The reference manual for METRIC (Allen et al. 2007c ) provides the details for computing the spectral radiance of each band in the Landsat 5 TM (thematic mapper) from the pixel digital numbers of each band, and for calculating at-surface reflectance with atmospheric correction. This band-based at-surface reflectance, along with a digital elevation model (DEM) and meteorological data, such as air temperature and wind velocity, are used to compute surface temperature, R n , G and H. Clear-sky Landsat 5 TM of 11 September 2009 was used to compute the energy fluxes defined in Equation (10).
In the ET algorithm of METRIC, ET rf (Equation (5)) is defined as the ratio of instantaneous AET for each pixel to the alfalfa-reference ET calculated using the standardized ASCE Penman-Monteith equation for alfalfa, following the procedures given in ASCE-EWRI (2005) . The PET is considered equal to the reference ET for a tall crop calculated from the meteorological data measured at a ground-based station (Allen 2001 , ASCE-EWRI 2005 . This alfalfa-reference ET was calculated by employing ground-based meteorological data from Ralph Wenz Field airport at Pinedale, Wyoming (see Fig. 1 ), and deploying the standardized ASCE Penman-Monteith equation in REF-ET software (Allen 2001) . The AET was calculated by Equation (9). Figure 4 shows the METRIC model ET rf distribution at the Green River study area (see Fig. 1 ).
ET rf and NDVI deterministic relationship and uncertainty analysis
Two hundred scatter plots of ET rf versus NDVI were obtained from within the study area ( Fig. 1 ). Each scatter plot represents an ET rf -NDVI pair of all 461 rows of a column in the study area. The 200 such scatter plots of ET rf and NDVI samples from 200 columns were used for the parameter value uncertainty analysis of the deterministic relationship development of ET rf and NDVI. A best-fit regression relationship was developed for each scatter plot; in each case, a linear relationship represented the best-fit regression. Figure 5 shows the distribution of the best-fit regression coefficient of determination (R 2 ) values ranging from 0.55 to 0.8, with a mean of 0.72. This mean R 2 value indicates that ET rf is spatially highly correlated to NDVI, which hints at the development of a generalized linear relationship between ET rf and NDVI in the study area; however, a variation in R 2 for samples from different locations also indicates that this correlation is sensitive to the spatial distribution of NDVI values. Therefore, a probability density function, as shown in Figure 6 , was used to obtain the likelihood deterministic value of the slope and intercept from spatially-distributed samples. Figure 6 (a) shows the distribution of the slope of the ET rf and NDVI linear deterministic relationship, with a slope ranging from 1 to 1.7 (mean: 1.33); it also shows that the slope values are highly concentrated around this mean value. The 95% confidence interval of the slope value from the central limit theorem was 1.355 (upper limit) to 1.316 (lower limit). The predicted ET rf was not sensitive to this narrow uncertainty margin of the deviation of the NDVI slope. Therefore a mean slope of 1.33 was generalized for the study region.
Similarly, Figure 6 (b) shows the distribution of the intercept of the ET rf and NDVI linear deterministic relationship, ranging from −0.16 to 0.04 (mean: −0.049); it also shows that the intercept values are highly concentrated around this mean value. The 95% confidence interval of the slope value was −0.043 (upper limit) to −0.054 (lower limit). The predicted ET rf was not sensitive to this narrow uncertainty margin of the deviation of the NDVI intercept. Therefore, a mean intercept of −0.049 was generalized for the study region.
From this parametric uncertainty analysis of the linear deterministic relationships between ET rf and NDVI, the likelihood function was developed as:
(11) Figure 7 shows the scatter plots of the surface energy balance residual algorithm-based ET rf , defined by Equation (5), against NDVI-based ET rf , defined by Equation (11). Each scatter plot in Figure 7 represents 461 pairs of data in rows of a column, starting at the far left of the study area, with subsequent columns at intervals of 30 m. The data samples used in the verification analysis of Figure 7 were not included in deriving Equation (11). The R 2 values and RMSE are shown in Figure 7 for each scatter plot.
Root zone soil moisture estimation method
From Equations (7) and (11), the spatially-distributed soil moisture content, θ i , at any spatial location i is derived as:
This study developed and deployed Equation (12) 
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Identification of water bodies
The NDVI does occasionally assume negative values, especially for water bodies such as wetlands, rivers and lakes. Water, clouds and snow have larger reflectance at the red than at the NIR wavelengths, so these features present negative index values. Therefore, to distinguish the saturated and wet areas covered by water bodies, wetlands, rivers and lakes, an analysis was made in the thermal infrared (TIR) band, as soil water content is a crucial variable in TIR research. The TVDI is defined as:
In the Green River study area, the water overlaying saturated areas was found to occur under lower T s values and the difference between T s,max and T s,min for those areas was comparatively larger than rest of the land-cover types; this makes TVDI calculated by Equation (13) have a lower value. The Green River study area includes lakes, and this lower TVDI value is shown by the Soda Lake and Fermont Lake, as shown in Figure 8 (b). This study identified a critical threshold value of 0.2 in the TVDI map, below which are wet locations, mostly water bodies, and underlying saturated areas. In Figure 8 (b), water bodies identified by the TVDI threshold of 0.2 are compared with that defined by the National Land Cover Database (NLCD). In Soda Lake and Fermont Lake, the accuracy, defined as the ratio of TVDI threshold-defined lake boundary to NLCD-defined lake boundary, was 1.15 and 1.17, respectively. From the accuracy calculation, the TVDI threshold of 0.2 overestimated the lake area as compared to the NLCD. Water bodies such as lakes keep the surrounding land saturated, and this surrounding saturated area is not included in the lake boundary defined by NLCD (Homer et al. 2015) , whereas the TVDI threshold method defined herein included the land area with low surface temperature and low NDVI as saturated extent, thereby overestimating the lake area compared to that identified from the NLCD. From the overall analysis, a location having TVDI < 0.2 is used to identify soil moisture at field capacity level, defined as:
There are also various water extraction indices based on the fact that water bodies have large observance in the NIR band (Feyisa et al. 2014 , Zhai et al. 2015 . The TVDI has the advantage of being useful for identifying the possible extended saturated area around a water body. A comparative analysis of water extraction methods based on the NIR and TIR bands, including the water extraction method presented in this study, is a subject for future research.
Results and discussion
The Reynolds Creek Experimental Watershed in Idaho, the USCRN soil moisture measurement sites in Wyoming at Sundance and in Montana at Lewistown, and the Green River study area in Wyoming lie in similar climatic and physiographic regions of the continental United States, the Northwest mountain region. The SERVES equation (Equation (12)) was used to estimate the growing season soil moisture and compare it with site observations from the RCEW in Idaho and the USCRN measurement sites in Wyoming and Montana.
Validation of the estimated soil moisture in the RCEW
The SERVES model (Equation (12)) was used to estimate the soil moisture in the RCEW. The physical parameter values of soil that were identified in the watershed are listed in Table 1 and the corresponding soil types are shown in Figure 9 (a). The θ wp and θ fc for the RCEW (Table 1) were derived from the NRCS SURRGO database using established pedotransfer functions as a function of soil texture (Rawls et al. 1982 (Rawls et al. , 1983 . Figure 9(b) shows the spatial distribution of estimated soil moisture in the watershed. A comparative analysis of the estimated soil moisture was performed in the entire growing season (June-September) for the years 2006-2009. The observed soil moisture data for the corresponding moisture measuring stations were obtained from the NWRC, the RCEW and Public-use Data files and Documentation (Seyfried et al. 2011) . The NDVI, obtained as described in Section 2.4, was used in all of the comparison verification analysis of the RCEW. In selecting the growingseason NDVI image, the following points were considered:
(a) high-quality Landsat images; and (b) date of soil moisture observation close to the satellite overpass date.
Tables A1-A8 are presented in the Appendix to list the values of observed soil moisture available for each moisture measuring site, the NDVI values for the site in that period, the estimated values of ET rf (Equation (11) ) and soil moisture (Equation (12)) for the dates considered. Likewise, Figures A1-A8 show the corresponding scatter plots of the observed versus calculated soil moisture given in Tables A1-A8 , respectively. Table 2 shows the R 2 and RMSE values of estimated/predicted soil moisture compared with the observed values at depths of 15, 30, 60 and 90 cm (see Appendix, Figs A1-A8). It may be seen from Table 2 that the soil moisture estimation NLCD Lake 
Validation of the estimated soil moisture at Sundance, Wyoming
The SERVES equation (Equation (12)) was used to estimate the soil moisture at the USCRN soil moisture measurement site in Sundance, Wyoming. A comparative analysis of the estimated soil moisture was performed for the entire growing season (June-September) for the years 2012-2015. The observed soil moisture and NDVI data were obtained as described in Section 2.4. Again, the selection of NDVI images took account of the following points:
(a) high-quality Landsat images; and (b) soil moisture observation date matches the satellite overpass date.
The soil typesandy loamwas identified from the NRCS SURRGO database. The θ wp and θ fc were taken as 0.06 and 0.29, as defined in Table 1 . Table 3 presents the values of observed soil moisture at depths of 5, 20, 50 and 100 cm, and the estimated soil moisture for the observed dates that match the satellite overpass dates, and Figure 10 shows the corresponding scatter plot of the observed versus calculated soil moisture. For Figure 10 (a)-(d), the R 2 values were 0.40, 0.13, 0.258 and 0.83, and the RMSE were 0.155, 0.096, 0.039 and 0.137, respectively.
Similar to the RCEW soil moisture measurement sites, the Sundance moisture measurement site also showed that the best moisture prediction was in the depth range of 50-100 cm, with the highest R 2 value of 0.838 at 100 cm depth, and the lowest RMSE of 0.039 at 50 cm depth. 
Validation of the estimated soil moisture at Lewistown, Montana
The SERVES equation (Equation (12)) was used to estimate the soil moisture at the USCRN soil moisture measurement site at Lewistown, Montana, and the comparative analysis of the estimated soil moisture was performed for the entire growing season (June-September) for the years 2014 and 2015. The observed soil moisture data and NDVI data were obtained as described in Section 2.4. As for the Sundance study site, points (a) and (b) (Section 4.2) were considered in selecting the growing season NDVI images. The soil typeclay loamwas identified from the NRCS SURRGO database, and the θ wp and θ fc were taken as 0.1 and 0.35, as defined in Table 1 . Table 3 presents the values of observed soil moisture at depths of 5, 20, 50 and 100 cm, and the estimated soil moisture for the observed dates that match the satellite overpass dates. Likewise, Figure 11 shows the corresponding scatter plot of the observed versus calculated soil moisture mentioned in Table 3 . Figure 11 (a)-(d) presents the scatter plots of estimated versus observed soil moisture at depths of 5, 20, 30 and 100 cm, respectively, with R 2 values of 0.006, 0.76, 0.93 and 0.76, and RMSE of 0.056, 0.016, 0.019 and 0.015, respectively.
Similar to the RCEW and Sundance soil moisture measurement sites, the Lewistown site also showed that the best moisture prediction was in the depth range of 50-100 cm, with the highest R 2 value of 0.93 at 50 cm depth and the lowest RMSE of 0.015 at 90 cm depth. 
Effective root zone soil moisture representation
It was shown in Sections 4.1-4.3 that the estimated soil moisture best represented the observed soil moisture at a depth of 50-100 cm. The US Department of Agriculture Irrigation Guide (USDA 1997) shows that the effective root zone moisture extraction depth for most crops/vegetation is 60 cm. The dominant land-cover vegetation type in the Reynolds Creek Experimental Watershed is sagebrush (Seyfried et al. 2000) , and the effective root zone depth for sagebrush is approximately 90 cm (Rice 1984) . Likewise, for the USCRN soil moisture sites (Sundance, Wyoming, and Lewistown, Montana), the land-cover vegetation type was identified as sedge/herbaceous and shrub/scrub. Crop roots do not extract water uniformly from the entire root zone. Thus, the effective root depth is that portion of the root zone where the crop extracts the majority of its water. Effective root depth is determined by vegetation type (USDA 1997 , Jayawickreme et al. 2008 . As the soil moisture estimation in this study was derived through a vegetation index-based evapotranspiration fraction, the soil moisture estimation proposed by the method presented herein was found to represent this effective root zone soil moisture. Root zone soil moisture is a link between surface phenology and subsurface water storage; the change in root zone soil moisture is reflected by vegetation through biophysical processes (Rutter and Sands 1958) . The NDVI has been widely used to indicate vegetation dynamics or growth (Piao et al. 2011 , Donohue et al. 2013 . It may be observed in the Appendix (Figs A1-A8) and Figures 10 and 11 that soil moisture patterns at deeper root zone soil depths were relatively stable compared to the near-surface soil profile, and this stable soil moisture pattern correlated well with the temporal persistence of the vegetation phenology spatial pattern. Therefore, the vegetation index-derived evaporative fraction effectively linked the root zone soil moisture inversion in this study.
Summary and conclusion
This study proposes a soil moisture retrieval method based on the relationship derived from satellite vegetation index-based evapotranspiration fraction, soil moisture properties, and soil moisture state.
The soil moisture retrieval procedure proposed in this study may be summarized as follows:
(1) The relationship between evapotranspiration fraction and vegetation index, NDVI, such as that defined by Equation (11) for the study region, provides distributed values of evapotranspiration fraction. Generalizing the evapotranspiration fraction and NDVI relationship at vastly different physiographic regions of the continental United States and beyond is left as future research work.
(2) The wilting point, θ wp , and the field capacity, θ fc , volumetric water content are obtained from a highresolution soil database using established pedotransfer functions that yield θ wp and θ fc as functions of soil texture (Rawls et al. 1982 (Rawls et al. , 1983 . High-resolution soil data at 30 m resolution are available globally. The NRCS SURRGO database covers the 30-m soil database in the entire continental United States, while the National Geospatial-Intelligence Agency (NGA) provides global 30-m resolution soil-type information (Frankenstein et al. 2015) .
(3) The SERVES equation (Equation (12) ) estimates the distributed volumetric soil moisture values from distributed wilting point (θ wp ) and field capacity (θ fc ), and evapotranspiration fraction obtained from the sources mentioned in (1) and (2) above. (4) Finally, employing the field capacity soil moisture condition for locations where the Temperature Vegetation Dryness Index (TVDI) is less than 0.2, water bodies and underlying saturated areas are identified.
A multi-year verification of the retrieved growing season (June-September) soil moisture was performed with comparative analysis of observed conventional in situ point soil moisture measurements at the 239-km 2 Reynolds Creek Experimental Watershed in Idaho (2006 Idaho ( -2009 and the US Climate Reference Network soil moisture measurement sites in Sundance, Wyoming (2012 , and Lewistown, Montana (2014 and . The proposed method best represented the root zone soil moisture condition with an average overall R 2 value of 0.72 and RMSE of 0.042. This shows that the fineresolution (30 m) soil moisture estimation was successful at identifying the spatial variability of effective root zone moisture conditions in the study areas. The main advantages of using this soil moisture retrieval approach in this study were that:
• soil moisture can be estimated at a fine spatial resolution (e.g. 30-m grid resolution used in this study); • the method explicitly takes account of the soil moisture physical properties, such as field capacity and wilting point, in the soil moisture estimation formulation, making the method physically accountable; • the method avoids ground-based auxiliary measurement data requirements in its physics-based simple formulation, thereby making it attractive for professional and non-professional use in similar data-scarce, ungaugedregions; and • relatively stable soil moisture patterns at effective root zone soil depth correlated well with the temporal persistence of the vegetation phenology spatial pattern; therefore, the vegetation index-derived evaporative fraction effectively linked the root zone soil moisture inversion and not the rapidly fluctuating near-surface soil moisture.
In developing tools for water resource decision support (Hendrickx et al. 2015) , the problem of data-sparse, ungauged basins has deemed a model formulation with reduced parameters necessary (Pradhan and Ogden 2010) . The method used in this case study is simple, computationally straightforward and was found to be effective in estimating growing season root zone soil moisture. Although, the root zone soil moisture identification approach demonstrated herein was derived on a physical basis, the NDVIbased ET rf is an empirical linear relationship whose parameters were found to be spatially distributed. Therefore, a probability density function approach was used to identify a likelihood parameter value from the samples within the study area. Even within a growing season, the probability density function of this parameter's values may differ from one arid/semi-arid region to another, due to changes in vegetation type and land use. How to take account of such changes in the probability density function of the empirical parameter values across similar climatic regions is for future research work.
In the growing season, water availability is critical for vegetation growth in arid and semi-arid regions. Therefore, the vegetation index reflected the change of root zone soil moisture, as demonstrated in this study. However, in a humid area, seasonal soil moisture content being significantly higher throughout, the vegetation index alone may not reflect the soil moisture spatial pattern effectively. Western et al. (2004) showed a significant correlation between the structure of the moisture pattern and topographic indices in humid catchments. In humid regions, topographically driven simple hydrological models, such as TOPMODEL (Beven and Kirkby 1979) and the OPM model (Pradhan and Ogden 2010) , are effective in providing the spatial distribution of saturation conditions or soil moisture deficit. This study found no correlation between the topography and soil moisture in this arid/semi-arid study area. How to transition among the effective influences of vegetation index, topographic index and soil properties to identify the soil moisture under different climatic and physiographic regions is a broader regionalization topic, which requires subsequent investigation. 
